The process of epithelial morphogenesis defines the structure of epidermal tissue sheets. One such sheet, the ventral epidermis of the Drosophila embryo, shows both intricate segmental patterning and complex cell organization. Within a segment, cells produce hairlike denticles in a stereotypical and highly organized pattern over the surface of the tissue. To understand the cell biological basis of this process, we examined cell shapes and alignments, and looked for molecules that showed an asymmetric distribution in this tissue. We found that apical polarity determinants and adherens junctions were enriched at the dorsal and ventral borders of cells, whereas basolateral determinants were enriched at the anterior and posterior borders. We report that the basolateral determinant Lgl has a novel function in the planar organization of the embryonic epidermis, and this function depends on Dsh and myosin. We conclude that apicalbasal proteins, used to establish polarity within a cell, can be independently co-opted to function in epithelial morphogenesis.
Introduction
Non-canonical Wnt signaling pathways play central roles in establishing direction within sheets of cells, asymmetric cell divisions, and cell intercalation in a variety of multicellular organisms (Sokol, 2000; Tree et al., 2002; Torban et al., 2004; Lawrence et al., 2007; Zallen, 2007; Simons and Mlodzik, 2008; Schlessinger et al., 2009) . Analysis of a variety of processes has identified a number of key proteins such as Frizzled and Dishevelled (Dsh), but surprisingly these appear not to play a role in the planar polarization of the early epithelium of the Drosophila embryo (Zallen and Wieschaus, 2004) . Instead, during this process of cell intercalation, the junctional and apical polarity protein Bazooka is involved in planar polarity, junction asymmetry and myosin distribution (Muller and Wieschaus, 1996; Bertet et al., 2004; Zallen and Wieschaus, 2004; Blankenship et al., 2006) . Here we focus on the later stages of Drosophila embryogenesis, in which the contribution of the non-canonical pathways remains poorly understood (Colosimo and Tolwinski, 2006; Price et al., 2006; Walters et al., 2006) . This epithelium is patterned in an anterior to posterior direction with rows of rectangular cells that secrete actinbased denticles alternating with more irregularly shaped cells that lack denticles. This level of patterning and cell organization offers a useful model for studying cell and tissue polarity (Hatini and DiNardo, 2001) .
Several recent studies point to a novel non-canonical Wnt signaling pathway that interacts with apical-basal polarity components. Specifically, a key determinant of cell polarity, atypical protein kinase C (aPKC) regulates and is regulated by Gsk3 (glycogen synthase kinase; also known as Zeste white 3, Zw3 and Shaggy in Drosophila) and Dsh (Etienne-Manneville and Hall, 2003; Etienne-Manneville et al., 2005; Schlessinger et al., 2007; Zhang et al., 2007; Colosimo et al., 2010) . In Drosophila, aPKC and Scribble have previously been linked to planar polarity (Djiane et al., 2005; Courbard et al., 2009 ). Scribble (Scrib), is a component of the basolateral complex along with Lethal giant larvae and Discs large (Lgl, Dlg) (for reviews, see Kemphues, 2000; Macara, 2004; Margolis and Borg, 2005) . Lgl associates with Dsh and regulates junction location, a process regulated by Wnt-Fz-Dsh signaling in vertebrates (Dollar et al., 2005; Na et al., 2007; Yamanaka and Nishida, 2007) . Lgl was originally discovered as a mutation that caused loss of apical-basal cell polarity, which led to neoplastic overgrowth (Gateff and Schneiderman, 1974; Gateff, 1978) . Further roles have been ascribed to Lgl in vesicle trafficking, prevention of apoptosis, myosin-actin cytoskeleton regulation and adherens junction stability (Humbert et al., 2003; Wirtz-Peitz and Knoblich, 2006; Humbert et al., 2008) .
Here we report that the planar organization of the embryonic epidermis involves the asymmetric distribution of apical-basal polarity components within the plane of the tissue. The basolateral components Dlg and Lgl localize predominantly to the anterior and posterior margins of cells, whereas the apical determinant aPKC and the adhesion protein Arm localize to the dorsal and ventral margins of cells. We describe a novel role for Lgl in the planar organization of cell sheets in Drosophila embryos. We find that a maternal effect mutation of Lgl leads to major disruptions in cell shape, alignment and asymmetric organization of adherens junctions and actin hairs in the Drosophila embryonic epidermis. Our experiments provide evidence for signaling through Dsh and components of the apical-basal polarity complexes in epidermal planar organization.
Results

Apical and basal polarity proteins become planar polarized
The Drosophila embryonic epidermis is patterned into repeating segments containing cells that secrete an actin-based denticle and those that do not. The cells that secrete denticles undergo a dramatic cell-shape transformation, form regular rows, and rearrange their cytoskeleton and adherens junctions to produce a highly organized pattern of actin protrusions (Fig. 1A,B) . This regular pattern depends on Wnt and Hedgehog signaling, actin cytoskeleton rearrangement, myosin II and Fringe, and asymmetric junctions (Colosimo and Tolwinski, 2006; Price et al., 2006; Walters et al., 2006; Hirano et al., 2009) . Our studies concentrated on the enrichment of adherens junctions at the dorsal and ventral cell margins (Colosimo and Tolwinski, 2006) and the relationship of apical-basal polarity determinants to junctions (Colosimo et al., 2010; Kaplan et al., 2009) . Based on these observations we proceeded to look at the spatial distribution of apical-basal polarity determinants in this tissue.
The epithelial cell-shape changes and alignment of rows occur in the latter stages of embryogenesis. We therefore observed the formation of the polarized domains over time. Specifically, we compared the asymmetrical distribution of apical, basolateral and junctional markers at stages 12-13 and 15 (Hartenstein, 1993) . We observed that at stages 12-13, cell shape changes and cell alignment were just beginning ( Fig. 1C-H) , and the apical markers aPKC and Crb although starting to show striped protein expression patterns were just beginning to polarize (Fig. 1C,F ) (Tepass and Knust, 1993; Colosimo et al., 2010) . Additionally, the adherens junction proteins Arm and a-catenin (Fig. 1D ,G) and the basolateral markers Dlg and a-spectrin were also just beginning to polarize (Fig.  1E,H) . By stage 15, cells had aligned into proper rows, had taken on the rectangular shape, and all six markers showed a strong asymmetrical localization relative to their distribution at stages 12-13 ( Fig. 1I-N) . We quantified these asymmetries and showed that there was a marked increase from stages 12-13 to 15 ( Fig.  2A) . This result suggests that around stage 12/13 there is a signal that upregulates apical determinants in anterior cells, anticipating the process of cell reorganization and asymmetric distribution of apical and basolateral polarity proteins. These redistribute into separate domains, and likely lead to increased junctions on the dorsal and ventral margins of cells. Importantly, the cells of this tissue maintained their apical-basal polarity both functionally in that they secreted cuticle apically and attached muscles basally, and also at the apical-basal determinant level (supplementary material Fig. S1 ). Therefore, the enrichments we observed within the plane of the tissue suggested an independent or at least additional function for these proteins in planar polarity.
Lgl and myosin proteins are asymmetrically distributed
We then proceeded to look at the localization of Lgl protein.
Similarly to a-spectrin and Dlg, Lgl appears to be asymmetrically localized to the anterior and posterior margins of cells in stage 15 embryos, but not in stage 12-13 embryos (Fig. 2B ,BЈ, quantified in Fig. 2E ). This was of particular interest as previous studies have suggested that Lgl localization is regulated by the Wnt pathway, and specifically Dsh in apical-basal polarity (Dollar et al., 2005) . Although in Drosophila, Dsh does not have a reported role in apical-basal polarity, it does function in planar polarity. Indeed, in the epidermis Dsh is enriched at the anterior and posterior margins of cells correlating with the enrichment in Lgl protein that we observe (Price et al., 2006) . We therefore turned to dsh null mutants where both patterning and polarity signaling are abolished (Simons and Mlodzik, 2008) . We found that the asymmetric distribution of Lgl protein was lost (Fig. 2C , quantified in Fig. 2E ). Similarly, overexpression of Dsh abolished the asymmetry we observed in wild-type embryos (Fig. 2D , quantified in Fig. 2E ).
One caveat of both dsh null and overexpression mutants is that both patterning and polarity signaling should be affected. To separate these functions, we therefore turned to dsh-polarity-specific mutations. One such mutant, the dsh 1 mutation has been shown to have a mild polarity phenotype in embryos ( Fig. 3C) (Price et al., 2006) . To overcome this mild phenotype we used a replacement strategy, where we expressed Dsh-DDIX [a form of Dsh in which the domain responsible for polarity is deleted, but which is functional in patterning (Axelrod et al., 1998) ] in an otherwise dshnull embryo. In the absence of endogenous Dsh protein, we observed a strong denticle organization defect (Fig. 3A) . Siblings, which received both a wild-type copy of Dsh and additionally expressed Dsh-DDIX, showed the expected gain of Wnt signaling phenotype or loss of denticles ( Fig. 3B ) (Axelrod et al., 1998) . Upon closer inspection, the arrangement of the cells and the cell morphologies appeared greatly disrupted as well (Fig. 3D -L and especially close ups Fig. 3G-I ). Additionally, we observed that Lgl was poorly polarized (Fig. 3D-F ) and myosin appeared separated from the membrane (Fig. 3J -L and see below). These results led us to conclude that Dsh is required for planar organization in the epidermis, and that this is due to the polarity-specific DIX domain.
Lgl is required for myosin localization
From a mechanistic point of view, localization of Lgl should affect structural components in the cell to regulate cell shape and alignment. Previous studies have shown that Lgl interacts with non-muscle myosin II (Strand et al., 1995) . Myosin and actin are asymmetrically localized and required for the proper arrangement of cells and denticles in embryos ( Fig. 4A-C) (Walters et al., 2006; Simone and DiNardo, 2010) . To further investigate this, we looked at the localization of myosin in lgl mutant embryos. We observed that in the later stages of development the epidermis is greatly disrupted, but cells still attempt to make denticles, but myosin appears delocalized from the membrane ( Fig. 4D-F) . We then looked at the localization of myosin in dsh mutant embryos, which show a strong loss of patterning phenotype and all the cells make denticles. Additionally, myosin appears to be separated from the membrane and distributed symmetrically in the cells that show membrane expression ( Fig. 4G-I ). Taken together, these findings suggest that loss of Dsh or Lgl leads to myosin disruption.
Dsh is required for cellular asymmetry
Because we observed a loss of myosin and Lgl localization in dsh mutant embryos, we were interested in determining whether other markers were affected by the loss or gain of Dsh. As shown above, epithelial morphogenesis is correlated with the asymmetric distribution of apical determinants and adherens junctions to the dorsal and ventral margins of cells, and conversely basolateral determinants to the anterior and posterior margins of cells (Fig.  5A, schema) . We examined the distribution of representative markers for asymmetry, and compared their distribution in wildtype ( Fig. 5C-E) , dsh mutant ( Fig. 5F-H ) embryos, and embryos overexpressing Dsh (Fig. 5I-K) . These results were quantified and (G-I)Loss of dsh leads primarily to a strong loss of patterning: all cells make denticle precursors, and additionally myosin is lost from the membrane and is unpolarized. (J-L)Embryos that lack a maternal contribution of the Lgl protein, but received a normal paternal gene also show disruptions of both denticle precursors and myosin localization. Scale bars: 20mm. the graphs show the lack of asymmetry in both hyperactive and inactive dsh embryos (Fig. 5B) . However, because in both the loss and gain of Dsh situations tissue patterning is uniform, we cannot rule out the possibility that the effect could be indirect. We attempted to express Dsh late, in the epidermis, after early patterning decisions had been made, but this did not appear to have an effect on Lgl. Therefore, to address whether the effect was direct we turned to more biochemical studies.
Dsh binds to and increases Lgl protein levels
In the canonical Wnt pathway, Dsh regulates the activity of the kinase Gsk3 preventing it from phosphorylating -catenin. Gsk3-mediated phosphorylation targets proteins for ubiquitin and/or proteasome-mediated degradation. We have previously shown that Dsh and Gsk3 regulate the levels of aPKC (Colosimo et al., 2010) , and that Gsk3 and Dsh are upstream of Lgl (Kaplan et al., 2009) , suggesting that Lgl protein levels may also be affected by Gsk3. We looked directly at Lgl protein levels comparing wild-type embryos and those with increased Dsh expression. We observed a significant increase in Lgl protein in embryos expressing ectopic Dsh (Fig. 5L) . We additionally looked at Lgl protein levels in dsh and Gsk3 mutant embryos. We observed that the loss of dsh led to lower Lgl protein levels when compared to Gsk3 mutants where Lgl protein levels appeared higher (Fig. 5L) . Previous work has shown that Dsh and Lgl interact directly in vertebrates (Dollar et al., 2005) . We have observed a similar interaction in Drosophila, where an HA-tagged version of Dsh pulls down Lgl protein (Fig.  5M) , suggesting that the role for Dsh in localizing Lgl to specific membrane compartments is conserved.
lgl mutants show planar disruption
The lethal (2) giant larvae gene was discovered as one of the first tumor-suppressor genes identified in Drosophila. Loss-of-function mutations lead to hyperplastic overgrowth of several tissues in the developing larvae (Gateff and Schneiderman, 1974; Mechler et al., 1985) . We examined the embryonic function of lgl by removing the maternal contribution by inducing germline clones. The resulting embryos displayed two very different phenotypes. The first was the maternal and zygotic phenotype characteristic of loss of function of basal complex components (Fig. 6E-H) . The second phenotype was a maternal effect (see Materials and Methods) phenotype where the organization of actin structures (denticles) in the late epidermis as well as patterning were severely disrupted ( Fig. 6M-P) .
To characterize this phenotype further, we looked at the underlying biology of the cells of the embryonic epidermis at the stages when denticles are being formed. In wild-type embryos, the cells that secrete denticles take on a very organized rectangular shape, display an asymmetry in their adherens junctions, and have actin protrusions at their posterior (Fig. 6A-D) . Complete loss of lgl, or maternal and zygotic mutations, severely disrupt apicalbasal polarity, making the observation of planar organization difficult ( Fig. 6E-H) . However, maternal-only lgl mutants maintained apical-basal polarity and allowed us to examine the role of Lgl in planar polarity. In mutants cell shape was disrupted and there was a loss of junction asymmetry and mis-localized actin protrusions. Additionally, cell alignment was strongly affected in the denticle-secreting cells ( Fig. 6M-P) , and myosin localization was disrupted (Fig. 4J-L) ; both of these phenotypes are very similar to those of Dsh-DDIX (see above). (R)Arm staining shows that the ventral epithelium is continuous and more well formed than in F. (S)Denticles are produced in patches or belts that lack proper alignment. (T)An overlayed image of Arm and phospho-Tyr shows that denticle-producing cells form unaligned patches or belts, and the cuticle resembles that in P. Denticle precursors are not properly oriented toward the posterior of cells, and denticle placement appears to be random within each cell (see inset). Scale bars: 20mm.
Lgl genetically interacts with Dsh
Since both Dsh and Lgl are enriched at the same cell boundary and both, when mutated, lead to polarity defects, we investigated the genetic relationship between the two genes. We made double mutant embryos with dsh (maternal and zygotic; M/Z) and lgl (zygotic; Z) and analyzed the denticle organization phenotypes. Wild-type embryos have a repeating pattern of denticles organized into rows (Fig. 6A-D) . In loss of function dsh (M/Z) embryos all ventral cells produce denticles that are not well organized (Fig.  6I-L) . As dsh mutants abolish all embryonic polarity and patterning, and lgl zygotic mutants hatch and grow to be giant larvae, we did not expect nor did we see an interaction between dsh (M/Z) and lgl (Z). However, we did observe an interaction in dsh (M) mutants that also lost lgl (Z). These double mutants showed the strong polarity phenotype of lgl (M) mutants ( Fig. 4M-P , phenotype was found in 12% of embryos or the predicted ratio; n100). This result was surprising, because alone lgl (Z) embryos are completely wild-type, and dsh (M) mutants are completely wild type. But the combination of the two mutations [dsh (M) and lgl (Z)] showed the strong polarity phenotype of lgl (M) mutants. We observed defects in cellular alignment, junction asymmetry, cell shape, actin protrusion localization, and patterning defects ( Fig. 6Q-T) , all very similar to both lgl (M) and DshDDIX mutants.
Maternal and zygotic loss of dsh results in loss of pattern, similar to wg mutants, because they fail to maintain Engrailed expression, and therefore Hedgehog signaling, so abolishing segment polarity (Hatini and DiNardo, 2001) . One way to restore some pattern to the embryo without restoring Dsh function is to express an activated downstream component in embryos otherwise null for the dsh gene. To accomplish this, we took dsh (M/Z) mutant embryos and introduced a stabilized Armadillo (Arm; -catenin) transgene (serine 56 to alanine point mutant), which prevents the kinase-dependent degradation machinery from removing cytoplasmic Arm (Tolwinski and Wieschaus, 2004b) . In this condition some patterning is restored as Engrailed expression is maintained, but Dsh is completely absent. We observed a dramatic phenotype, where some patterning was restored as seen by the presence of naked and denticle covered cuticle, but there was little row organization (Fig. 7C) . Additionally, the cell shape changes and alignment were not rescued (Fig. 7E-H) , and neither Lgl not myosin were asymmetrically localized (Fig. 7E-L) . This result shows that in the absence of Dsh, even if some patterning is restored, the role of Dsh in cellular arrangement and asymmetry cannot be rescued.
Discussion
A major question in the signal transduction field is how are signals translated into cell biological responses. To address this question, ideally there should be a field of cells with stereotyped behaviors where signaling pathways could be manipulated and cell behaviors observed. Here, we have described our findings that the late epidermis of the Drosophila embryo can be used as such a model system for assaying planar organization of epithelial cells. These cells are known to respond to various signaling molecules, and undergo complex morphogenetic changes, including changes in shape and cytoskeletal rearrangements. Additionally, they appear S56A embryo stained for Lgl (green) and phosphotyrosine (red) shows that the effect of activated Arm on dsh mutants was to restore non-denticle-producing cells surrounded by denticleproducing cells, but with no cell alignment, consistent shape or asymmetric localization of Lgl. (I-L)dsh (M/Z) armGAL4>UAS-Arm S56A embryo stained for myosin (green) and phosphotyrosine (red) shows that myosin fails to localize asymmetrically. Scale bars: 20mm.
to reorganize their adherens junctions and polarity molecules during this process.
Previous studies have suggested roles for apical-basal polarity components in several planar polarity processes (Bellaiche et al., 2001; Hutterer et al., 2004; Zallen and Wieschaus, 2004; Djiane et al., 2005) . Our findings show that these polarity determinants function in the morphogenetic movements that lead to shaping and alignment of cells that make up the denticle field of Drosophila embryos. We show that the apical polarity proteins Crumbs and aPKC appear, around stage 13, in stripes corresponding to the cells that make denticles, and begin to polarize. This in turn correlates with an accumulation of adherens junctions on the dorsal and ventral cell margins, and the exclusion of the basolateral components Lgl, Dlg and a-spectrin. Myosin is localized to the anterior and posterior margins, providing a cytoskeletal motor protein, which may help explain why these cells take on such an energetically unfavorable conformation (Simone and DiNardo, 2010) . Overall, this is consistent with the current model of apicalbasal polarity, which posits that the apical components lead to the localization of junctions and compete with the basolateral components to establish independent domains within a cell (Bilder et al., 2003; Tanentzapf and Tepass, 2003; Blankenship et al., 2007) . Similar domains are used in asymmetric cell division (Bellaiche et al., 2001) . We show that such domains are established within the plane of the epithelium across many cells, thus extending this basic mechanism to cell organization within the plane of a tissue. Importantly, as this polarity module appears to be co-opted into a planar role, there is a second apical basal module that has been proposed to take over the apical-basal polarity role in the late embryo (Laprise et al., 2009) .
Taken together these findings are consistent with a model in which the asymmetric localization of Dsh leads to spatially defined areas of Lgl upregulation. As Lgl and apical determinants create distinct domains, the basic exclusion hypothesis could be sufficient to explain the asymmetrical domains that we observe (Wirtz-Peitz and Knoblich, 2006) . Importantly, Dlg and Lgl affect myosin function (myosin is enriched at anterior and posterior boundaries, similar to Dlg (Walters et al., 2006; Simone and DiNardo, 2010) , whereas a-spectrin is an actin-binding protein, suggesting that in addition to adhesion the cytoskeleton could also be regulated through this pathway (Strand et al., 1994; Lee et al., 1997; Peng et al., 2000) . The exact mechanism of this pathway will require further investigation, as future experiments will have to explain how polarity is established, and determine what is upstream of Dsh. However, the interaction between polarity, adhesion and the Wnt pathway could have implications for how cancer cells escape tissues during metastasis or are maintained asymmetrically as stem cells (Reya and Clevers, 2005; Wang, 2009 ).
Materials and Methods
Crosses and expression of UAS constructs
Maternally mutant eggs were generated by the dominant female sterile technique (Chou and Perrimon, 1992) . Oregon-R was used as the wild-type strain. Please see FlyBase for details on mutants used:
(flybase.bio.indiana.edu). For overexpression experiments, the daughterless-GAL4 and armadillo-GAL4 drivers were used. All X-chromosome mutants used FRT101 or FRT18D and carried the yellow mutation to facilitate mutant identification (Tolwinski and Wieschaus, 2004a 
Antibodies and immunofluorescence
Embryos were fixed with Heat-Methanol treatment (Muller and Wieschaus, 1996) or with heptane and 4% formaldehyde in phosphate buffer (0.1 M NaPO 4 pH 7.4) (Tolwinski and Wieschaus, 2001 ). The antibodies used were: anti-actin [mAb JLA-20, Developmental Studies Hybridoma Bank (DSHB) developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242], anti-Dlg (mAb 4F3 DSHB), anti-Crb (mAb Cq4 DSHB), a-spectrin (mAb 3A9 DSHB), a-catenin (ratAb Dcat1 DSHB), anti-Ecadherin (ratAb ECAD2, DSHB), anti-Armadillo (mAb N2 7A1, DSHB), rabbit anti-Armadillo (Peifer et al., 1994b) , rabbit and goat anti-aPKC, phospho-tyrosine pY99 (Santa Cruz Biotechnology), anti--tubulin (E7, DSHB), anti-myc (9E10, Santa Cruz), anti-HA (12CA5, Roche), rabbit anti-Myo II [Zipper heavy chain (Foe et al., 2000) ], and anti-Sexlethal (mAb M-14, DSHB). Staining, detection and image processing were as described by Colosimo and Tolwinski (Colosimo and Tolwinski, 2006) . Images were acquired on a Zeiss Axioimager with an Apotome microscope and a Plan-Apochromat ϫ63/1.40 NA oil immersion objective. Z-stacks of 6 or 20 slices at 0.4 mm distance were acquired. Images were processed in Axiovision software (Zeiss), ImageJ (NIH), and Photoshop (Adobe).
Western blotting
Embryos were lysed in extract buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 10% glycerol, Complete Mini Protease; Sigma). The extracts were separated by 7.5% SDS-PAGE, and blotted as described by Peifer et al. (Peifer et al., 1994a) . Extracts were normalized using the BCA assay (Novagen). Overnight embryo collections were used to make extracts for western blots. Immune precipitations were carried out in extraction buffer with HA antibody (12CA5, Roche) and Protein G beads (SCBT) as described previously (Peifer et al., 1994a) .
Fluorescence quantification
The intensity of fluorescent staining was measured in a similar manner to the procedure used by Harris and Peifer (Harris and Peifer, 2007) . Mean intensity was calculated using ImageJ software (NIH) for lines that were ~3.0 mm in length at the dorsal-ventral and anterior-posterior edges of cells in denticle-producing rows two to five (shown graphically in Fig. 1K ). In addition, mean intensity was measured within the cytoplasm of each cell. This background measurement was subtracted from the measurements at the dorsal-ventral and anterior-posterior edges and the ratio between these corrected measurements (dorsal-ventral over anterior-posterior) was calculated. No difference in intensity between edges, results in a ratio of 1. The ratios were graphed on a logarithmic scale to allow for positive and negative values in the presentation. Stage 15 embryos were used, and measurements were taken on rectangular, denticle-secreting cells with a clearly defined dorsal-ventral and anteriorposterior edge. For measurements three to five embryos and 20-40 cells per embryo were used.
